Four phosphatases have been identified in the periplasm of Escherichia coli. These enzymes can be distinguished from each other by their pH optima for activity and their substrate specificities (8, 10, 19, 22, 23, 25) . The periplasmic acid phosphoanhydride-phosphohydrolase (EC 3.6.1.11) referred to hereafter as acid phosphatase, is a monomeric protein of Mr 45,000 which is soluble in acid solutions (such as 1.5 M formic acid) and optimally active at pH 2.5 against inorganic polyphosphates, guanosine polyphosphates, and p-nitrophenyl phosphate (PNPP) (3, 5, 6 ).
The expression of this acid phosphatase is subject to complex regulation; it is influenced by the phase of growth, the presence or the absence of oxygen, and the concentration of Pi in the medium. It is also inhibited by the presence in the cell of cyclic AMP and its receptor protein (5) . The structural gene for acid phosphatase, appA, is located at 22 min on the E. coli linkage map (4) .
To study the regulation of acid phosphatase expression, we have cloned the appA gene. We identified the position and orientation of this gene on a recombinant plasmid by using fusions to alkaline phosphatase. This method should be generally useful in identifying genes for proteins exported from the cytoplasm. In addition, it should be possible to study the regulation of appA expression by using the alkaline phosphatase activity of appA-phoA hybrid proteins.
MATERIALS AND METHODS
Straing and media. The genotypes of all strains used and constructed and the characteristics of recombinant plasmids and of phages are listed in Table 1 . The rich medium used was TYE (17) . The presence of transposon TnlO on the chromosome was selected with 25 pLg of tetracycline per ml.
The chromogenic substrate 5-bromo-4-chloro-3-indolyl phosphate was added at 40 ,g/ml for the detection of alkaline phosphatase activity on plates. Ampicillin was added at 200 ,pg/ml to maintain plasmid pBR322 or its derivates in strains, and chloramphenicol (25 ,ug/ml) was used to select or maintain the "phasmid" Mu dII4042 or the recombinant plasmids derived from it. The minimal DM medium was that of Davis and Mingioli (7) . The M63 medium was that of Miller (17) . Minimal media were supplemented with thiamine and required amino acids or bases at 50 ,ug/ml. The Mu medium was obtained by adding MgSO4 (2.5 mM) and CaCl2 (1 mM) to TYE medium. Low-phosphate, complete TE medium containing 0.5% bactopeptone was described previously (4, 5) .
Cloning with Mu dII4042. The in vivo cloning vehicle Mu dII4042 and the general cloning procedure with this plasmid have been described by Groisman et al. (9) . All steps were performed in strains derived from the E. coli K-12 strain K10. A stock of Mu dII4042 was obtained by thermoinduction of strain SBS1073 (appA+) previously transformed with plasmid pEG109 prepared from strain Xph43 (9). This phage stock was used to transduce SBS1075 (appA Mu cts), to chloramphenicol resistance (Cm%). Cmr colonies (about 600 per plate) were replica plated, and the replicas were grown at 30°C and assayed for acid phosphatase with PNPP in 1.5 M formic acid (24) (25) (26) . Positive clones were purified from the master plates and grown in liquid cultures to control the pH optimum for PNPP hydrolysis and to measure acid phosphatase-specific activities.
Bacteriophages and transductiong. Transductions with phage Plvir were made as described by Miller (17 (14) . Analysis of proteins encoded by recombinant plasmids was made from maxicells, which were prepared by the method of Sancar et al. (20) and grown in M63 glucose minimal medium plus all amino acids except methionine.
[35S]methionine (74 kBq/ml) was added, and cultures were harvested after 15 min of incubation. were boiled for 2 min in the presence of sodium dodecyl sulfate and immunoprecipitated with polyclonal antibodies directed against acid phosphatase or against alkaline phosphatase as described by Ito et al. (11) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Gels containing 10 or 11% polyacrylamide were made as described by Laemmli (13) . For detection of radioactivity, gels were soaked in 1 M sodium salicylate, dried, and used to expose film for 1 to 2 days at -60°C. Isolation of fusions of alkaline phosphatase to plasmidencoded proteins. The construction and the structure of the fusion transposon Tn5 ISSOL::phoA (TnphoA) have been described in detail by Manoil and Beckwith (16) . Transpositions of TnphoA into a given multicopy recombinant plasmid present in strain CC118 (F-phoA recA lacU169) was achieved by introducing into this strain the episome F42 lacI3 (zzf-2::TnphoA) from donor CC102 and selecting alkaline phosphatase-positive colonies resistant to high levels of kanamycin on 5-bromo-4-chloro-3-indolyl phosphate plates, exactly as described previously (16) . The selected clones were further tested for acid phosphatase activity after replica plating.
Detection and measurement of enzyme activities. The detection of pH 2.5 acid phosphatase activity on replica plates was as previously described (4, 5) , except that the time of incubation with PNPP in 1 M formic acid was reduced to 3 to 5 min for the detection of clones with multiple copies of the appA gene. The determination of the enzymatic specific activity in cells growing in liquid cultures was as described previously (3) (4) (5) . Alkaline phosphatase specific activity in liquid cultures was measured by incubation of toluenized washed cells in 150 mM Tris hydrochloride (pH 8.8) containing PNPP (25 mM). Other steps were as for acid phosphatase activity determination. One unit of acid or alkaline phosphatase is defined here as the amount of enzyme catalyzing the hydrolysis of 1 nmol of PNPP per min at 37°C. RESULTS Molecular cloning of the gene encoding acid phosphatase. The gene for acid phosphatase (appA) was originally cloned in vivo by using Mu dII4042, a mini-Mu derivative containing a plasmid origin of replication (9) . When Mu dII4042 grows in cells, it packages chromosomal DNA lying adjacent to Mu DNA sequences, and phage particles can generate plasmids carrying such cloned chromosomal sequences after infection. To clone appA, Mu dII4042 was propagated on an appA+ strain (a derivative of strain K10) as described in Material and Methods. The resulting phage stock was used to infect an isogenic appA-strain (SBS1075), and colonies of cells that acquired the chloramphenicol resistance determinant of Mu dII4042 were screened for acid phosphatase activity to identify those that might have acquired plasmids carrying the appA gene.
Five independently isolated plasmids that led to higher acid phosphatase activity were subjected to restriction analysis ( Fig. 1) . Each plasmid carried Mu dII4042 sequences bracketing a variable length (8 to 12.5 kilobases [kb]) of cloned chromosomal DNA. The cloned DNA fragments possessed a region in common (about 5.5 kb long) that is presumed to be responsible for acid phosphatase production. Two DNA fragments carrying parts of this common region were subcloned from plasmid pPB1101 into pBR322 (2) for further analysis. Both the 5.7-kb BglII-BglIl fragment and the 4.6-kb BamHI-BglII fragment (Fig. 1) BamHI site of pBR322 confered high acid phosphatase activity to cells harboring them, showing that these fragments carry the determinants for acid phosphatase production. However, the activities in strains harboring such recombinant plasmids varied according to the orientation of the subcloned fragments relative to the vector (Fig. 2) . Attempts to subclone further the region responsible for enzyme production indicated that the SalI, ClaI, and NruI sites of the cloned fragments (Fig. 2) were positioned in sequences required for the expression of acid phosphatase.
Identification of the product encoded by the cloned gene.
The high acid phosphatase activity in cells carrying plasmid pPB1132 was found to be due to overproduction of the enzyme from its cloned structural gene appA. 5), and pPB1127 (lane 6). (c) Labeling for 2 min followed by a 20-min chase. All lysates were precipitated with serum against alkaline phosphatase. Lanes: 2, 4, and 6, respectively, pPB1128, pPB1123 and pPB1127 without chase; 3, 5, and 7, respectively, the same plasmids after the chase.
was precipitated by antibody to acid phosphatase from cells carrying pPB1132. This band was faint in cells carrying pBR322 or no plasmid (Fig. 3b) . These results show that the high level of acid phosphatase activity in cells with pPB1132 is due to the overproduction of the enzyme.
Proteins encoded by plasmid pPB1132 were identified by using the maxicell technique (20) . The plasmid was found to encode a protein of the size expected for acid phosphatase (Fig. 3c) . This protein was precipitated by antibody to acid phosphatase and was not encoded by pBR322. These results indicate that plasmid pBR1132 carries the appA gene.
Protein fusions between acid and alkaline phosphatase define the location and orientation of the appA gene. Where is the appA gene located in plasmid pPB1132? To determine this, random insertions of transposon TnphoA (16) into pPB1132 were isolated. If TnphoA inserted in the proper orientation and translational reading frame into a gene encoding an exported protein, a hybrid protein with alkaline phosphatase activity could result. Thirty-three different insertions of TnphoA into pPB1132 were analyzed for alkaline phosphatase activity, acid phosphatase activity, and the position of TnphoA insertion (Fig. 4) . Of 19 alkaline phosphatase-positive insertions, 9 completely eliminated acid phosphatase activity and mapped in a 0.8-kb region of the 5.7-kb insert in pPB1132. In all such insertions, TnphoA was in the same orientation. This region thus appeared likely to contain the acid phosphatase structural gene. Nine other alkaline phosphatase-positive fusions showed a decreased acid phosphatase activity (300 U/mg of protein, compared with 3,000 U/mg of protein in pPB1132) and mapped in the tet region of the vector plasmid pBR322. A simple interpretation of these insertions is that they generate active tet-phoA fusions (16) and decrease the level of acid phosphatase by eliminating a contribution of the tet promoter to acid phosphatase expression in pPB1132. Indeed, when the 5.7-kb fragment of pPB1132 was present in the opposite orientation relative to vector sequences, so that the tet promoter could no longer contribute to appA expression (pPB1301), the level of acid phosphatase detected was also about 300 U/mg protein. A similar difference in activity was also displayed by pPB1131 and pPB1318, in which a 6.8-kb fragment containing appA was cloned in the opposite orientation (Fig. 2) . The remaining alkaline phosphatase positive insert into pPB1132 (star in Fig. 4 ) also showed a specific activity of about 300 U/mg protein for acid phosphatase. Its position of insertion is between the tet gene and the putative appA gene, so that it would also be expected to eliminate the contribution of the tet promoter to appA expression in pPB1132. Since an insertion into this region gave an alkaline phosphatase-positive fusion plasmid, it is likely to encode a protein exported from the cytoplasm (16) . It is not known why only one alkaline phosphatase fusion to this protein was isolated.
Direct evidence for our assignment for the position and orientation of appA in the cloned DNA fragment came from immunological studies. A protein of 82 kilodaltons was precipitated from cells carrying plasmid pPB1123 (expected to encode the longest appA-phoA fusion) by antibody to either acid phosphatase or alkaline phosphatase (Fig. 5 a and  c) . From the size of appA-phoA fusion proteins (Fig. Sc) a Approximate number of acid phosphatase amino acid residues. Calculations were made by assuming that the acid phosphatase N-terminal amino acid in the hybrid was the same as that in the mature enzyme of wild-type strains (molecular weight of the alkaline phosphatase protein in TnphoA, 47,000; average molecular weight of one amino acid residue, 110).
b The estimated size of the remaining acid phosphatase gene, including a putative appA signal sequence of 0.06 kbp, was measured in an overnight culture in TYE medium with CC118 (appA +) as the recipient for the plasmids.
was possible to calculate that the appA gene starts about 0.12 kb upstream from the site of TnphoA insertion in plasmid pPB1127. The appA gene would then extend about 1.3 kb downstream from this position, since this is approximately the amount of DNA required to encode a protein the size of acid phosphatase ( Table 2 ).
The products of three fusion plasmids were further characterized by immunoprecipitation. All three proteins showed instability in pulse-chase experiments (Fig. 5c) , with the longest hybrid (encoded by pPB1123) showing an apparent degradation product migrating at 46 kDa, the approximate size of wild-type alkaline phosphatase. Similar stability behavior was observed earlier for ,-lactamase-alkaline phosphatase hybrid proteins (16) . In addition, for cells carrying each of the three appA-phoA fusion plasmids, about 85% of the alkaline phosphatase activity was released by osmotic shock (data not shown). This indicates the enzymatically active polypeptide was localized in the periplasm (18) . This periplasmic location of alkaline phosphatase activity implies that the signal promoting acid phosphatase export to the periplasm can also function to promote alkaline phosphatase export in hybrid proteins.
DISCUSSION
In this paper we describe the cloning of appA, the structural gene for an E. coli acid phosphatase. The position and orientation of appA in a cloned DNA fragment were determined by using fusions to alkaline phosphatase generated by TnphoA insertions. This fusion method appears to identify selectively genes encoding periplasmic and membrane proteins (16) and should be generally useful in characterizing the products of cloned DNA fragments.
The appA gene was cloned in vivo by using a derivative of phage Mu (9) and then subcloned into the small multicopy plasmid pBR322. Cells carrying such recombinant plasmids overproduced acid phosphatase, and immunological analysis of plasmid proteins selectively labeled in maxicells indicated that the plasmids carried the appA gene. Further evidence supporting this conclusion came from the finding that a derivative of one of these plasmids integrated in a region of the E. coli chromosome (22 min) phenotype. In addition, hybrid proteins resulting from the fusion of lacZ to the N-terminal part of genes for secreted proteins usually show very little ,B-galactosidase activity (1) . This might also explain the difficulty in obtaining lac fusions.
Transposon TnphoA insertions in genes known to code for proteins exported from the cytoplasm were previously shown to generate exported fusion proteins giving alkaline phosphatase activity (16) . The results presented in this paper show that TnphoA insertions can be used to identify the position and orientation of newly cloned genes for exported proteins. Such an analysis of plasmids carrying appA (Table  2) led to a map for the region containing appA (Fig. 6) . A TnphoA insertion located approximately 300 base pairs upstream of the unique ClaI site of appA does not abolish acid phosphatase transcription (Fig. 5) . This result indicates that appA probably does not belong to an operon transcribed from an upstream promoter, but is preceeded by a promoter located within the 300-base-pair fragment to the left of the ClaI site on pPB1132 (Fig. 6) .
DNA sequence analysis has confirmed that this region 1.29kb. The normal assay for acid phosphatase activity in colonies on agar medium at low pH renders cells nonviable (4, 5) . Replacing acid phosphatase activity by the alkaline phosphatase activity of appA-phoA hybrid proteins makes it possible to monitor appA expression at near-neutral pH by using chromogenic substrates for alkaline phosphatase. This nonlethal assay should facilitate the isolation of mutants with altered regulation of appA expression.
